PURPOSE. To investigate the effects of tear film instability (TFI) induced by sustained tear exposure (STARE) on sensory responses to corneal cold, mechanical, and chemical stimuli.
B
oth tear film instability (TFI) and neurosensory abnormalities play etiological roles in development of the dry eye condition, according to the DEWS II report. 1 Previous studies have shown that repeated TFI induced by a sustained tear exposure (STARE) led to symptoms of discomfort and dryness that mimic those reported in patients with dry eye, [2] [3] [4] but the connection between TFI and symptoms remains unclear. 5 While neural control plays an important part in maintaining the integrity of the tear film and the health of the ocular surface, 6, 7 the effects of repeated TFI on corneal sensory function has not been systematically studied. It is unclear whether repeated TFI affects corneal sensory responses to different stimulus modalities and how these effects relate to the subjective experience of discomfort.
Ocular discomfort suggests activation of sensory neurons and neural processing pathways that are involved in nociception at the ocular surface. Ocular surface stimuli are detected and encoded by receptors at the terminals of primary afferent neurons of the trigeminal nerve. 8 The decoded signals are carried centrally to two spatially discrete regions of the trigeminal brainstem complex, the interpolaris/caudalis transition region (Vi/Vc) and the caudalis/upper cervical cord junction (Vc/C1), and projected to multiple brain centers that mediate ocular sensations and reflexes. 8 The primary afferents innervating the cornea have been classified as (1) polymodal, with nociceptor terminals activated by noxious mechanical, thermal and chemical stimuli, (2) mechanical, with nociceptors excited only by injurious mechanical forces, and (3) coldsensitive, with receptors that detect small changes in surface cooling and osmolarity during tear evaporation (high background low-threshold) and respond to cold temperature and hyperosmolarity (low background high-threshold). 5, 9, 10 Corneal neurons express a range of membrane channels [11] [12] [13] such as the transient receptor potential (TRP) family that are thought to transduce environmental and endogenous stimuli to electrophysiological signals. 14, 15 Recently, cold receptors have come under increased scrutiny due to their role in regulating tear secretion and tear film hyperosmolarity, 12, 16 which is thought to play an etiological role in the development of dry eye. 1 While the physiology of corneal sensory neurons has been detailed largely in experimental animals, 17 there is an emerging body of evidence from psychophysical studies that link neural physiology to human sensory processing. In particular, Belmonte pneumatic esthesiometry 18 facilitates psychophysical probing of sensory processes by delivering systematically controlled mechanical, chemical, and thermal stimulation to the eye. This allows direct study of human sensory function in health and disease, including dry eye and other ocular surface conditions, surgery and contact lens wear. 5, 8 Sensory thresholds and responses to supra-threshold stimuli can be measured, as well as basic mechanisms, adaptation effects, lacrimation, and blinking responses. [19] [20] [21] [22] [23] Despite the hypotheses that neurosensory abnormalities play an important etiological part in, and both TFI and tear hyperosmolarity are significant entry points contributing to, the pathogenesis and development of a ''vicious circle'' in dry eye, 1, 24 the effects of repeated TFI on suprathreshold sensory processing have not been studied. We hypothesized that repeated TFI will alter corneal sensory function. In order to examine this hypothesis, we measured thresholds and suprathreshold sensory responses following repeated TFI induced by STARE.
METHODS
This study was conducted in accord with the Declaration of Helsinki and approved by the Institutional Review Board of Indiana University. Informed consent was obtained from all participants after the nature of the study had been fully explained. Each subject signed the consent form prior to enrollment.
Subjects
Fifteen noncontact lens wearing and healthy subjects (7 females and 8 males) with mean (6 SD) age 26.6 6 2.6 years were enrolled in the study. They had no history of ocular disease or surgeries or any systemic condition or medication that could have affected corneal sensory function.
Apparatus
A computer-controlled pneumatic esthesiometer designed and built at Indiana University was used in the study. 25 The esthesiometer is a dual chamber mechanical, chemical (CO 2 ), and thermal pneumatic design with computer control of flow, percent CO 2 and temperature, and collection of subject responses to the stimuli. A steady stimulus temperature independent of air-flow and ambient temperature was maintained through feedback provided by a temperature sensing circuit. The distance between and orthogonal alignment of the tip of the esthesiometer and the ocular surface was continuously monitored by a calibrated video camera.
Experimentally Induced TFI (Repeated TFI)
Previously, we and others have used the technique of extended eye opening, termed sustained eye exposure (STARE) to induce TFI. [2] [3] [4] 26, 27 In the current study, subjects kept one eye open as long as possible to induce TFI, which included tear film thinning or tear break-up (TBU). This procedure was repeated for up to 10 trials with approximately 2 seconds between trials. A slit-lamp video camera monitored the tear film during the initial trials of sustained eye exposure to confirm the development of TFI.
Study Procedures
Responses to cool, mechanical, and chemical stimuli were measured on three separate days at approximately the same time of the day (within 0-3.5 hours). The order of the mechanical and chemical sessions was random while the cool session was performed first due to the length of time required to cool down the esthesiometer. All measurements were taken at least 3 hours after subjects awoke 28 on the central cornea of the left eye throughout the study. The left eye was chosen because the esthesiometer setup for this study allowed only left eye testing.
Pneumatic cool, mechanical, and chemical stimuli were delivered using our computerized Belmonte pneumatic esthesiometer. The pneumatic cool and mechanical stimuli consisted of a series of air pulses with flow rates varying from 0 to 200 mL/min. The cool stimulus temperature was set at 208C (room temperature), and the mechanical and chemical stimulus was approximately 328C at the ocular surface. Chemical stimulation was induced by increasing the CO 2 concentration (ranged from 0%-80%) in the stimulus air column with a flow rate that was fixed at 70% of the initially estimated mechanical threshold. The stimulus duration was 2 seconds. Subjects were instructed to look at a fixation target during stimulus presentation and blink freely or look down between stimuli. They could interrupt the trials at any time.
An ascending method of limits was used to determine thresholds. A randomly selected initial level of stimulus was used. The threshold was the average of three measurements at each stimulus level.
Following threshold testing, stimuli at 1.00, 1.25, and 1.50 times the threshold were presented in random order. Each stimulus intensity was presented three times. Subjects were asked to assign a number that directly reflected their subjective impression of the sensory attributes of each stimulus measurement. They rated the stimulus intensity, thermal sensation (coolness or warmth), and irritation and painfulness, using a scale ranging from 0 (nonexistent) to 100 (very strong). This testing was repeated after 10 STARE trials using the same methods as before, except that stimulus levels were presented five times to monitor any changes for a longer period of time (up to 10 minutes).
All subjects completed the Dry Eye Questionnaire-5 (DEQ-5) 29 before testing to measure habitual symptoms of ocular irritation. The Current Symptom Questionnaire (CSQ), which queries symptoms at the time of testing was filled out before and after STARE to measure changes in symptoms with STARE. The maximum blink interval (MBI), which is the longest amount of time that subjects could hold their eye open during each STARE trial, was recorded for each trial.
Data Analysis
Data were analyzed using repeated measures ANOVA in SPSS 23 (IBM SPSS) with the statistically significant level set at P 0.05. Data were checked for normality using the quantilequantile plots (Q-Q plots), and the plot for each variable was the appropriate straight line. Estimated magnitudes for intensity, coolness/warmness, irritation, and painfulness for each stimulus type were outcome variables, and time (before and after STARE) and levels (1.003, 1.253, and 1.503 threshold) were predictors. In addition, the differences in CSQ scores before and after testing and MBI at different stimulus levels and modalities were compared. Huynh-Feldt corrected P values were calculated to minimize the effects of violating assumptions about data sphericity for repeatedmeasures ANOVA. Pairwise t-tests with a post hoc Bonferroni correction were used when applicable.
RESULTS

Psychophysical Measures
The mean (6 standard error or SEM) of the detection thresholds are 59.2 6 4.7 mL/min, 72.7 6 6.0 mL/min, and 26.2% 6 1.8% added CO 2 , for room-temperature pneumatic cool, and for mechanical and chemical stimuli (both set at eye temperature), respectively. The thresholds in this study are similar to published results from other studies. [30] [31] [32] The magnitude estimates (mean 6 SEM) for the intensity, coolness, irritation, and pain of the pneumatic cool stimulus are listed in Table 1 . Both intensity and coolness decreased on average after STARE compared with before (Figs. 1A, 1B) . This difference was significant (time main effects; P ¼ 0.043 and 0.044 for intensity and coolness, respectively). As expected, magnitude estimates of intensity and coolness increased with increasing stimulus level, regardless of time (stimulus level effect P < 0.001 for both intensity and coolness).
Irritation was reported in very few subjects and its magnitude was low. There was no significant difference between the rating of irritation before and after STARE, nor any significant increase with stimulus level (P ¼ 0.893 and 0.093 for time and stimulus level, respectively). There were no time and stimulus level interactions for all the sensory attributes (all P > 0.05).
The estimated magnitudes of intensity, thermal sensation, irritation, and pain of the mechanical stimulus are shown in Table 2 . Irritation increased on average after STARE compared with before (Fig. 1C) , and this difference was significant (time main effect; P ¼ 0.024). Intensity ratings changed minimally after STARE for the mechanical stimulus and did not show a statistically significant difference (P ¼ 0.824). Regardless of time, ratings of intensity and irritation to mechanical stimuli increased significantly with the level of stimulation (P < 0.001 for intensity and P ¼ 0.005 for irritation, respectively). No significant time and stimulus level interactions were found for any of the sensory attributes (all P > 0.05). Table 3 contains the estimated magnitudes of intensity, thermal (coolness/warmness), irritation, and pain to chemical stimuli. On average, the magnitude estimates for intensity and irritation tended to increase after STARE (Fig. 1D ), but the changes were not statistically significant (time main effects, P ¼ 0.233 and 0.257, respectively). Intensity and irritation ratings to chemical stimuli increased with stimulus level (P < 0.001 for both intensity and irritation), regardless of time. There were no time and stimulus level interactions for chemical sensory attribute ratings (all P > 0.05).
Perhaps because participants were nondry eye healthy subjects and the intensity of suprathreshold stimulus was not very high, no pain was recorded by any of the subjects for any stimulus modality. Thus, statistical analysis was not performed for estimated magnitude of pain. Similarly, statistical analysis was not performed for estimated magnitude of thermal ratings for chemical and mechanical stimuli since a low magnitude of thermal (warm) sensation was reported by only four subjects during one session and by one subject in another session.
Symptoms of Ocular Discomfort Measured by the CSQ
Symptoms assessed using the CSQ before and immediately after STARE for cool, mechanical, and chemical stimuli are presented in Figure 2 . Regardless of stimulus level, CSQ scores were higher after STARE for each of the cool, mechanical, and chemical stimulus sessions (all P < 0.001). There were no significant differences between stimulus levels nor interactions between stimulus level and time for all three modalities (all P > 0.05).
Maximum Blink Interval (MBI)
The average MBI during repeated trials of holding the eye open for each stimulus level, stratified by stimulus modality, are listed in Table 4 . There were no statistical differences between stimulus levels and modality sessions (P ¼ 0.712 and 0.131 for level and modality, respectively).
DISCUSSION
The primary objective of the study was to investigate the effects of experimental TFI on corneal responses to cool, mechanical, and chemical stimuli. The present study psychophysically demonstrates in humans that TFI induced by repeated trials of STARE produced bidirectional effects on corneal sensory processing, decreasing the responses to suprathreshold cold stimulation and enhancing irritation with mechanical and chemical stimuli. These novel results confirmed our working hypothesis that continuous ocular stimulation resulting from prolonged eye-opening (STARE) and associated TFI and ocular surface stress alters sensory processing/sensations. Although the STARE technique does not represent normal blinking as shown by the MBI results (Table  4) , the induced TFI may provide a model for understanding the neurosensory abnormalities that play an etiological role in dry eye. 5 Corneal sensations are mediated by different functional types of corneal sensory neurons through activation of modality-specific receptors. [33] [34] [35] The irritation/discomfort induced by mechanical stimuli increased (Fig. 1C) , with a similar trend for chemical stimuli (Fig. 1D ) in the study, suggesting that repeated STARE and TFI may result in promoting nociception of noxious stimuli. A few possible changes occurred in the ocular surface during STARE that may contribute to the altered neurosensory processing although the events during TFI remain a subject for speculation and are not well understood. 36 As the tear film thins and breaks up, increased evaporation should act to elevate tear film osmolarity, possibly as high as 800 mOsm/kg or higher. [37] [38] [39] It has been suggested that corneal polymodal neurons are excited when tear osmolarity is greater than 600 mOsm, 40 which has been postulated to occur during tear breakup. 38, 39 In addition, it is possible that cell shrinkage may induced by hyperosmotic exposure to underlying corneal epithelial cells 41 during TBU. Deformation of surface cells secondary to drying, as suggested increased surface scatter with wavefront measurement, 42 may also stimulate corneal nociceptors. As corneal polymodal and mechanical neurons (and perhaps chemo-nociceptors 9,43 ) connect centrally to the second-and higher-order neurons that are responsible for nociception, 10, 17, 44 activation of these neurons is likely to increase sensory inputs to the nociceptive pathway evoking pain (including irritation). 5 Additionally, the hyperosmolarity that was likely to occur during STARE secondary to tear film evaporation during TFI 45 could have altered the activity of cold receptors as reported in animal studies. 16, 40, [46] [47] [48] These abnormal activities have been thought to underlie dry eye symptoms 49 and are perhaps involved in activation of high threshold cold-sensitive neurons and the connecting nociceptive pathway. 50, 51 In the present study, besides the increased irritation with threshold and suprathreshold stimuli discussed above, symptoms of ocular discomfort increased after repeated STARE, as demonstrated by the shift in the CSQ scores to worse symptoms (Fig. 2) , similar to previous reports. 3, 4 The abnormal sensory inputs from the ocular surface and the activation of the nociceptive pathway may contribute to this increased ocular irritation following STARE, supporting the hypothesis that TFI may induce neurosensory abnormalities, 1 which play an important role in dry eye development. 5 Presumably, activation of low threshold cold-sensitive neurons is in response to a small surface temperature reduction during normal blink cycle and elicits an innocuous cooling sensation, 5 while corneal high threshold cold receptors are activated by stronger stimulation evoking irritation. 52, 53 The nonnoxious room-temperature pneumatic stimuli in the study elicited a cooling sensation similar to previous reports, 32, 52, 54 but the magnitude of coolness to pneumatic cool stimuli reduced after repeated STARE (Figs. 1A,  1B) , suggesting adaptation, inhibition, and/or masking of the neural mechanisms responsible for innocuous cold perception. The detection of cold was most likely through the opening of TRPM8 transducing channels of the corneal primary coldsensitive neurons. 15, 55 The sensory signals detected are transmitted by second-order neurons that respond to cooling and hyperosmolarity at the Vi/Vc transition region. 34, 47 These second-order neurons appear to have distinct functional properties, with one group exclusively responding to innocuous cooling and another group having lower response to cooling and menthol but also responding to acid and noxious heat. 34 They likely receive input from different types of corneal primary afferent neurons, suggesting distinct pathways (''labeled-lines'') for processing sensory signals arising from the ocular surface involved in signaling cooling and drying 34 to regulate ocular homeostasis. 5 While the abnormal sensory inputs induced by TFI and associated ocular surface changes during STARE might lead to activation of the nociceptive pathway as discussed earlier, the reduction in coolness perception in the present study provides evidence that the neuronal pathway processing innocuous cold could also be affected, perhaps at the afferent and/or higher levels.
While there are many putative mechanisms that might account for these two seemingly paradoxical mechanical and cooling effects on corneal sensation following STARE, one possible explanation is related to the suppression of TRPM8-mediated responses to innocuous cooling in corneal cold receptors and sensitization of the nociceptors by inflammatory mediators as reported in animal models of allergic conjunctivitis and UV keratitis. 56, 57 There are reports that inflammatory mediators inhibit the activation of TRPM8 channels 58, 59 by the G protein subunit Ga q . 59 In the present study, repeated STARE and TFI could potentially produce ocular surface stress resulting in local release of inflammatory mediators that may reduce the activity of cold receptors and enhance the activity of nociceptors. These effects on peripheral nerve activity may contribute to the changes in the magnitude of sensations evoked by cooling and mechanical stimulation.
Another possibility may be ''labeled line'' crosstalk or inhibitory and excitatory effects between corneal cooling and nociceptive pathways. Peripheral sensory neurons are presumably connected to specific neuronal pathways or labeled lines, evoking particular modality of sensation such as touch, itch, pain, and temperature sensitivity, [60] [61] [62] [63] and the crosstalk among these labeled lines generates and shapes somatosensory perception, as has been reported in somatic sensation and pain reserch. 61, 63 Human and animal studies have shown that innocuous cold could suppress nociception or pain and vice versa. 52, 53, 64, 65 Using a spinal cord slice preparation, Zheng et al. 66 have shown that while two distinct populations of inhibitory interneurons in the superficial dorsal horn received specific inputs from TRPM8 (cold) and TRPV1 (heat-pain) expressing afferents, these interneurons converged and were reciprocally inhibitory, allowing interactions between specific afferent messages. 65, 66 Like the spinal dorsal horn, the neurons within the trigeminal brainstem complex are extensively interconnected. 35 It is plausible, therefore, that differential engagement of modality specific primary corneal neurons using inhibitory and excitatory circuitries in the trigeminal brainstem complex and/or higher central processing pathway may underlie the crosstalk between coolness and irritation in the present study. In this study, the sample size was relatively small, and it could be argued that STARE does not represent normal blinking conditions. However, although the induced TFI effects were short-lived and reversible, the present study reveals the complexity of sensory inputs arising from the ocular surface affecting human sensory processing and supports the notion that psychophysical channels 52 do not act independently. These results are important for a number of reasons. First, the experiment points to the utility of pneumatic stimuli for examining hypotheses that are more complex than simple sensitivity issues. We were only able to determine different cooling and discomfort effects because pneumatic esthesiometers provide us with the means to examine mechanical, chemical, and thermal effects. Secondly, the results highlight the usefulness of studying suprathreshold processing (that in the current context is much more experimentally tractable than threshold sensory processes). Finally, the dissociation of the effects on cold and pain sensing pathways reinforces the separability of these paths.
In conclusion, repeated STARE and TFI results in a reduction of innocuous cooling sensations and promotes irritation to noxious stimuli. While further study is needed to understand STARE induced TFI as a sensory stimulus, the present study provides physiological evidence for the first time that prolonged repeated periods of ocular surface stimulation by TFI lead to significant differences in suprathreshold scaling and appears to differently affect mechanical and cooling pathways. The bidirectional responses suggest complex interactions of neural mechanisms underlying the ocular surface sensations in normal and disease conditions such as dry eye.
